Introduction
Numerous investigations have demonstrated that intense plastic deformation is an attractive procedure for producing an ultrafine grain size in metallic materials. Torsional deformation under high pressure [1] and equal-channel angular extrusion [2] are two techniques that can produce microstructures with grain sizes in the submicrometer and nanometer range. Materials with these microstructures have many attractive properties. The microstructures formed by these two processing techniques are essentially the same and thus the processes occurring during deformation should be the same.
Most previous studies have examined the final microstructures produced as a result of severe plastic deformation and the resulting properties. Only a limited number of studies have examined the evolution of microstructure [3] [4] [5] [6] . As a result, some important aspects of ultra-fine grain formation during severe plastic deformation remain unknown. There is also limited data on the influence of the initial state of the material on the microstructural evolution and mechanisms of ultrafine grain formation. This limited knowledge base makes optimization of processing routes difficult and retards commercial application of these techniques.
The objective of the present work is to examine the microstructure evolution during severe plastic deformation of a 2219 aluminum alloy. Specific attention is given to the mechanism of ultrafine grain formation as a result of severe plastic deformation.
Materials and Experimental Technique
The 2219 aluminum alloy with the chemical composition Al-6.4%Cu-0.3%Mn-0.18%Cr-0.19%Zr-0.06%Fe was cast at the Kaiser Aluminum -Center for Technology by direct chill casting. The alloy was then homogenized at 530 0 C for 6 hours. Two states of the alloy (coarse and fine grained) were used in present study. The coarse grained material had an initial size about 118 µm (state 1) and was produced by water quenching of the cast ingot from the standard homogenization temperature. The fine grained material had an initial grain size about 10 µm (state 2) and was produced by a thermomechanical process. Samples were annealed at 500°C in a furnace for one hour and slow cooled after thermomechanical processing.
The microstructural evolution of the 2219 aluminum alloy during severe plastic deformation was evaluated in torsion using the Bridgeman anvil technique [1] . Torsion samples, which were prepared from both states of the material, had a diameter of 8 mm and a thickness of 0.3 mm. These samples were deformed at ambient temperature and a pressure of 5 GPa was applied during torsional deformation. True strain ε was estimated by use of the expression
where φ is an angular displacement, d is the diameter of the tested sample and a is the thickness. The microhardness of the samples after various increments in torsional strain was evaluated using a PMT-3 device with a load of 20 g on Vickers diamond pyramid intentor. Samples were also examined using TEM. For these examinations, discs 3 mm in diameter were cut from the samples and then electropolished in a Tenupol-3 twin-jet polishing unit using a standard 30%CH 3 COOH+70%HNO 3 solution at -30 0 C. The thin foils were examined using a Jeol-2000EX TEM and a double-tilt stage with an accelerating potential of 200 kV. X-ray analysis was performed using a DRON-4 device. The coherent domain size and internal elastic strain were determined using the Williamson-Hall method.
Results
The microhardness of the as-processed samples is shown in Fig. 1 as a function of strain. Up to ε = 0.5, the results show that, for both states of the material, plastic deformation does not produce significant increases in the hardness of the 2219 alloy. In the range ε = 0.5 -2, the microhardness increases by approximately a factor of two. Above ε = 2, the microhardness increases gradually with the microhardness of state 2 increasing faster than the hardness of state 1. At ε ≤ 4, state 1 has a greater hardness than state 2; by ε = 7, the higher rate of increase in the hardness of state 2 causes the two states to have comparable microhardnesses. The results of the X-ray line broadening analysis are presented in Fig. 2 for strains greater than ε = 0.5. Both the coherent domain size and the internal elastic strain decrease with increasing strain. The largest decrease in both these quantities occurs in the strain range ε = 0.5 -1. At a strain of ε = 1, the coherent domain size has decreased to 0.09 µm for the material in state 1 and 0.15 µm for the material in state 2. Relatively insignificant reductions in coherent domain size and internal elastic strain occur at strains larger than ε = 1. Examination of the deformed samples using TEM showed that after a strain of ε = 0.5 a cell structure had developed (Fig. 3a) . This cell structure was observed for both states of the material and consisted of cells bounded by banded areas of uniform diffraction contrast containing a high density of lattice dislocations. These volume elements had an average size of about 1 µm and a boundary thickness of about 500 nm. Inside the cells, tangled dislocations were observed with a lower dislocation density than in the boundaries. Diffraction analysis revealed spots that were elongated in the azimuthal direction by 1-3 0 . These elongated spots are indicative of continuous misorientations in the cell structure. Increasing plastic deformation produces a change in the cell structure. The conventional cell structure [7] transforms into a lamellar band (LB) structure [8] . This lamellar structure consists of misoriented high density dislocation bands. This structure is similar to the cell block structure reported by Bay et al. [7] and Hughes and Hansen [8] . In addition, there were highly misorientated areas within the LBs. Observation of Moire patterns inside of the LBs also indicated that progressive misorientation exists within the bands. It was evident from diffraction contrast that there was misorientation between a LB boundary and LB body. A reduction of the LB boundary thickness to about 300 nm (Fig. 3b ) was observed at ε= 1 relative to cell boundary thickness at e=0.5. In addition the dislocation density within the cells was observed to be higher than the dislocation density at ε = 0.5. The dislocation density within the LBs increased in comparison with cell structure and produced misorientation between LBs. Elongation of the diffraction spots increased to 5-7 0 . After deformation of the state 1 samples to a strain of ε = 2 (or the state 2 samples to a strain of ε = 4), the TEM examinations revealed that individual crystallites had formed with high-angle grain boundaries (Fig. 3c) . These high angle boundaries are produced from the dislocation-rich bands and exhibit nonuniform contrast. The ultrafine grains produced have an irregular shape and, as previously observed in Al-Mg solid solution alloys , the grain boundaries have a nonequilibrium configuration [9] . The dislocation density inside the grains was low. Increasing plastic deformation resulted in an increase in the volume fraction of nanoscale grains and an increase in the number of triple junctions and lower energy grain boundary configurations. After a strain of ε= 7, the grains had a large number of triple junctions and equiaxed shapes (Fig. 3d) . The microstructural evolution studies reported here show that the formation of a nanoscale structure occurs with less strain for the quenched, coarse grained material (state 1) than for the fine grained material (state 2). For the state 1 material, after a strain of ε = 7, approximately 90% of the grains have sizes in the nanometer range. After a strain of ε = 7, the average grain size of the material processed from both states is about 120 nm. These values are very close to the coherent domain sizes measured by the X-ray technique.
Discussion
The results in the previous section show that microstructural evolution during intense torsional straining of the 2219 alloy takes place in four stages. In stage one (observed at ε = 0 -0.5), the lattice dislocation density increases and a cell structure begins to form. The microstructure at a strain of ε = 0.5 is shown schematically in Fig. 4a . The development of this microstructure is accompanied by an increase in microhardness and internal elastic strain. In stage 2 (ε = 0.5 -1.0), extensive dislocation accumulation take place in bands which results in the formation of new LBs (Fig. 4b) . These bands are subdivided into misorientated dislocation areas which become the nuclei for new nanometer grains. With increasing strain in stage 2, the cell block size decreases and the coherent domain size drops to about 100 nm at the end of stage 2. Notably, the coherent domain size matches the size of the misorientated areas with high dislocation density. These microstructural changes are accompanied by an increase in hardness and a decrease in internal elastic energy due to the reduction of free dislocation energy via the formation of a lower-energy dislocation structure. In stage 3 (ε = 1.0 -4.0), dislocation rearrangements provide a progressive rotation into the dislocation rich bands resulting in the formation of nanoscale grains. Growth of boundary misorientations and conversion of dislocation boundaries into high-angled boundaries takes place (Fig. 4c) . Internal elastic strain tends to decrease in the quenched state of the 2219 alloy (state 1) and is essentially stable relative to the state produced by thermo-mechanical processing (state 2). This is caused by the fact that grain structure formation is easier for the material in state 1 and thus the resulting grain size is smaller relative to state 2. In stage four (ε = 4.0 -7.0), the shape of the nanoscale grains becomes equiaxed and triple points are observed in the microstructure (Fig. 4d) . A well-defined granular structure forms during this stage of plastic flow. Partial dislocation absorption occurs within the boundaries of these grains. These microstructural changes cause a minor increase in microhardness despite decreases in the lattice dislocation density and internal elastic strain. Thus during severe plastic deformation, the ultrafine-grained microstructures develop as a result of the gradual evolution of the dislocation substructure. At moderate strains, the spatial distribution of lattice dislocations forms a low energy cell structure. With increasing strain, this cell structure transforms into an LB structure. At large strains, dislocation boundaries are converted into high angle boundaries and the cellular structure transforms into an nanoscale-grained structure. For state 1 of the 2219 alloy, each stage in the microstructural evolution process is accompanied by a decrease in internal elastic strain
The results in the previous section also show important differences in microstructural evolution for the 2219 alloy in states 1 and 2. State 1 is characterized by a supersaturated solid solution and thus higher elastic strains in the initial structure. The stresses associated with the elastic strain fields help to promote the formation of nanoscale grains through their interaction with the long range stresses originating from the nonequilibrium boundaries. As a result, new ultrafine grains form at smaller strains for material in state 1 as opposed to state 2. The presence of a supersaturated solid solution is beneficial for the formation of a nanoscale microstructure.
